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SUMMARY 

Basic problems that arise in quantitative analyses in high-performance liquid 
chromatography with concentration-sensitive detectors are discussed. The linear 
range of a spectroscopic (UV) detector is, among other parameters, a function: (1) of 
the wavelength and its distance from the paximum of the absorbance, and (2) the 
bandwidth of the monochromator or filter. Experimental methods are proposed 
for determining the short- and long-time averaged flow-rates and the reproducibility 
of the sampling system. The short-time averaged flow-rates were measured with four 
commercially available types of equipment, and the variations of the results were 
between & 0.6 and & 1.0 %_ In routine quantitative analysis a reproducibility of f 1 o/0 
is a desirable aim. The use of internal standards does not decrease these limits. The 
results with gradient elution method were worse. 

INTRODUCTION 

The problems that arise in quantitative analysis in high-performance liquid 
chromatography (HPLC) using peak areas have rarely been discussed in detail’-3, 
although they are similar to those which are well known in gas chromatography_ The 
difficulties in liquid chromatography (LC) are greater because (a) concentration- 
sensitive detectors are used almost exclusively and (b) the concentration of the sample 
in the eluent at the end of the column is smaller by roughly a factor of 100 or more 
than in gas chromatography with packed columns. Consequently, very sensitive 
detectors are required in HPLC. 

Concentration-sensitive detectors 
Concentration sensitive detector?, like UV and refractive index detectors, are 

those in which, at a constant pressure and temperature, (1) the detector signal, S, 
depends on the concentration of the sample, c, in the eluent, (2) the detector signal 
is independent of the mass flow-rate of the sample (for example, if the flow of the 
eluent is stopped, the signal of the detector remains more or less unaffected), and 
(3) the sample undergoes no chemical change by the measurement, i.e., it can be 
recovered from the detector effluent. 
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It should be mentioned that the moving-wire (or chain) detector’ is also a 
concentration-sensitive detector (i.e., the dimension of the peak area in a chromato- 
gram is time and not the mass of the sample, as discussed later), because the mass 
transfer of the eluent (including the dissolved sample) from the outlet of the column 
to the detector is constant, although the detector itself (i.e., flame-ionization detector) 
&an be a mass flow-rate sensitive detector. However, conditions (2) and (3) above are 
not fulfilled in this instance. 

The mass flow-rates of the sample, F,, and that of the eluent, F, are given in 
units of grams (or moles) per unit time. The concentration of the sample in the eluent : 

is expressed in non-dimensional units. 
The concentration of a sample in the eluent at the peak maximum can be 

calculated for an efficient column packed, for example, with lo-Fern silica, where 
h = 50 pm. The column is 30 cm in length with I.D. 4 mm, its total porosity is 0.8 
and the density of the eluent is 0.8 g/ml_ The sample size is 1 pg per compound and 
the samples have capacity ratios (k’) of 0 (inert) and 2. It is assumed that 4 CD volume 
units of the eluent include all of the sample (where u is the standard deviation of the 
peak in volume units of the eluent) and that the concentration at the peak maximum 
is about the twice the average concentration of the sample in the eluent at the end of 
the column and in the detector itself. The calculated (and measured) concentrations 
are 16. 10V6 g/g and 5.3 ppm for the inert and for a retarded peak (k’ = 2), respec- 
tively. In routine HPLC these concentrations are almost always less than 100 ppm. 
Consequently, in eqn. 1 Fl < F and 

Fl cs- 
F (2) 

can be used with advantage. 

Littearity of the detector 
A concentration-sensitive detector has a linear response if the signal, S, is 

proportional to the concentration of the sample in the eluent: 

S = r-c t constant (3) 

where r is the response factor (or response)_ This range has to be determined by 
measuring the signal of the detector as a function of known concentrations of the 
sampie in the eIuenF_ 

Soiutions with well defined concentrations of the sample in the eluent have 
to be prepared and the cell of the detector has to be gushed with these solutions. The 
signal of the detector is then determined as a function of the concentration under 
static and dynamic conditions. 

The linear range of a detector is a function of its geometry, of the quality of 
the amplifier, etc. At high concentrations, the signal of an optical detector is not 
proportional to the concentration, because the solution is not infinitely diluted, i.e., 
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the Lambert-Beer law is not obeyed. The linearity range is also defined by the maxi- 
mum, arbitrarily allowed, deviation from the ideal value. 

According to another approach, the determination of the “linearity” of a 
detector is based on the relationship between the sample size and the peak area'. 
The results obtained with this method reflect the characteristics not only of the 
detector itself, but also of the entire chromatographic equipment. With samples of 
identical size, the concentration of the sample in the eluent at the peak maximum is 
higher for peaks with shorter retention times (i.e., smaller capacity ratios) than for 
those with higher k' values. It is conceivable that the concentration pertinent to a 
high peak may be outside the linearity range, while with a flat peak the linearity range 
is not exceeded_ On the other hand, it must be borne in mind that calibration with 
the conventional parameters of HPLC (i.e., sample size and peak area) is a definite 
advantage for the analyst. 

If the linearity of a detector is determined by the first method (i.e., with 
eqn. 3), sometimes the deviations from the ideal value as a function of the concen- 
tration of the sample in the eluent are either positive or negative. This “alternating 
effect” was described over 10 years ago for a flame-ionization detector in gas chro- 
matography6. The consequence of the alternating effect may be that the deviation 
from linearity is positive, negative or zero, dependin g on the concentration at the 
peak maximum, although the concentrations are definitely outside the linear range, 
if the linearity of the detector is determined by the ?eak area method. 

If optical detectors are used it should be borne in mind that the Lambert-Beer 
law is valid onIy for infinitely dilute solutions: 

log(I/I,) = -&cd= - a (4) 

where Z,, is the light intensity when the cell of the detector is filled with the eluent, 
I is the light intensity when the concentration of the sample in the eIuent is c, E is the 
extinction coefficient and d is the thickness of the cell. In our experience, if a UV 
detector (d = 0.5 cm) at a wavelength of 254 (is) nm is used to determine thecon- 
centration of benzene in a practically non-absorbing eluent, the end of the linear 
range is at an absorbance, a, of ca. 1, which corresponds to a concentration of about 
0.1 0/Q (v/v) of benzene in the eluent at room temperatures. From our experience with 
other samples, the upper concentration limit was between 100 and 1000 ppm, more 
or less independent of the nature of the sample. The extinction coefficient of benzene 
at the given wavelength (E = 200.103 ml - mol-’ -cm-‘) is less than the average value. 
The maximum allowed absorbance for samples with lower E values or with a smaller 
thickness of the cell is, of course, smaller. It is often forgotten that the upper esid of 
the linearity of an optical detector is usually not determined by the linearity of the 
optics and that of the amplifier, but mostly by the high concentration of the sample 
in the eluent. 

The monochromators or filters in UV detectors in HPLC have a more or less 
broad bandwidth. The.signal-to-noise ratio increases with increasing bandwidth of the 
filters, because noise and drift are caused mainly by the receivers, i-e., photodiodes. 
The linear range of the detector, however, decreases if inside this bandwidth the 
extinction coefficient, E, is not constant’. The absorbances, with different E values as 
a function of the wavelength, inside the bandwidth have to be summed. From eqn. 4, 
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and sixth columns the average values of each line in Table VIII are given. In the last two 
columns of Table IX the differences between the retention times as calculated for an 
ideal flow programme and the measured values are given. The last column is also av- 
eraged over the capacity ratios of the compounds for a given programme. To determine 
the averages, a minimum of 10 measurements were made for all flow programmes. Both 
deviations in the last two columns in Table IX show the same trend and, depending 
on the programme, either equipment Ia or Ib is to be preferred. 

TABLE IX 

SHORT- AND LONG-TIME AVERAGED VARIATIONS OF THE PROGRAMMED FLOW- 
RATE 

.?Z+uiprnen 1 F tR.5 f o(%)ofP 
(tni$nin) (min) (ml/nn+ 

Area ‘4, 

a l-2 7.7 0.125 2.4 1.3 
b 1-2 7.7 0.125 0.3 0.2 

Ia 2-4 4.1 0.4 2.4 2.4 
Ib 24 4.1 0.4 3.3 2.4 

Ia 4-6 2.4 0.666 0.0 0.0 
Ib 4-6 2.4 0.666 4.1 2.3 
--- _--- 

It should be stressed that in gradient elution with a constant overall flow-rate, 
the flows of two pumps are programmed. The variations in the flow programme seem 
to compensate each other, as can be seen by comparing Tables V and IX. The 
variations of the flow-rates of both eluents in gradient elution not only result in 
deviations of the peak areas but the retentions can also be changed by this effect. 
Furthermore, the “constant” flow-rate in gradient elution can change, because of the 
heat of mixing (i-e., viscosity of the mixture) and because of volume contraction or 
dilation due to the mixing procedure_ This effect is great with extremely non-ideal 
mixtures, for example for the methanol-water system often used in routine work. 
Extreme caution is essential if quantitative analysis is carried out with the peak area 
method using the gradient elution technique. 

CONCLUSIONS 

In HPLC, the concentration of the sample in the eluent at the peak maximum 
is usually smaller than 50 ppm, and consequently more sensitive detectors are 
required than in gas chromatography. Provided that the inner diameter of the 
columns (with the usual lengths) is greaier than 3 mm, detectors with a cell volume of 
10 pl are acceptable for quantitative analysis. The linearity range of a spectroscopic 
detector is determined by, among other factors, the validity of the Lambert-Beer law. 
If an exact quantitative analysis is required, the linear range of a UV detector with 
a constant wavelength has to be determined for every compound. The optimal 
approach, of course, is to shift the wavelength of a UV detector to measure at the 
maximum of the UV absorption of each component of the mixture. - 
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Variations in the flow-rate, F, during the period when the separated peaks 
are in the detector (5-e., short-time averaged flow-rate), and only during this period, 
give erroneous results iu quantitative analysis, even if an internal standard is used. 
A simple experimental method is proposed for measuring the shot&time averaged 
variations of the flow-rate and the reproducibility of the sample injection. The repro- 
ducibility of the short-time averaged flow-rates for two commerciaIly available types 
of equipment (Ia and Ib) are less than +0.6 % if there is a feedback for the fIow con- 
trol. The long-time averaged flow-rates are better than -&O_2°A. Equipment with a 
constant inIet pressure (IIa) is not recommended for quantitative work. 

The reproducibility of the sample size injected is better than f0.2% if an 
automatic injection system is used. 

The reproducibilities as discussed above are optimal values. Not only were 
the stationary phase and the eluent of high quality, but also the sample was mixed 
so as to achieve baseline-resolved peaks with roughly equal heights- In routine 
quantitative analysis, such parameters are extremeIy improbable. Consequently, 
quantitative analysis in HPLC with &lx reproducibility seems to be exceliect, if 
the peak area method is used. It seems to be questionable whether the peak height 
method is more reproducible. 

A simple as well as a more sophisticated experimenta! method is proposed for 
checking the quality of the gradient-generating systems, by which the reproducibility ; 
of the ffow programme of the pump(s) is determined. The reproducibility of quanti- 
tative analyses with the gradient elution method never can be better than that of the 
flow programme. 
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SYMBOLS 6 

= Ecd = absorbance (optical density) 
6” - height of the triangular-shaped peak (in concentration units) 

= concentration of the sample in the eluent 
: = thickness of the cell 

= average particle size of the support 
7 =-= constant in eqn. 14 
h = height equivalent to a theoretica! plate 

k, = lR -h 
= capacity ratio 

CO 

LWi = mass of the ith sample component 
r = response factor of the detector 
E = time 
[R = retention time 
U = linear velocity of the eluent 
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A” 
= base width of the triangular-shaped peak (in times units) 
= peak area 

A’ = constant in eqn. 13 
A’ = peak area with flow progamme 
c’ = constant in eqn. 13 
F = mass flow-rate of the eluent 

F0 = flow-rate at the start of the fiow programme 
p = mass flow-rate of the eIuent at tR in a linear flow programme 
F, = mass flow-rate of the sample 
I = intensity of light for the sample and eluent 

10 = intensity of light for the eluent 
K = specific permeability 
L = column len,oth 

R 
At, 

=-= resolution 
10 

S = detector signal 
V, = volume of sample injected 

CG = Ai/ZAi = reduced peak area 
a; = reduced peak area with flow programme 
& = extinction coefficient of the sample in eqn. 4 
w = standard deviation of a gaussian peak in volume units of the eluent. 
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